Milling is one of the most critical processes in the manufacturing industry. In the milling process, a reliable quantitative prediction of cutting forces is critical to predicting the power and torque requirements (choice of electric motor), machine-tool vibrations, surface quality, geometrical accuracy, etc. However, given the power, surface quality, productivity, and stability are limited by milling process defects, such as deflection and chatter regeneration resulting from cutting forces.
INTRODUCTION
Milling is one of the most critical processes in the manufacturing industry. In the milling process, a reliable quantitative prediction of cutting forces is critical to predicting the power and torque requirements (choice of electric motor), machine-tool vibrations, surface quality, geometrical accuracy, etc. However, given the power, surface quality, productivity, and stability are limited by milling process defects, such as deflection and chatter regeneration resulting from cutting forces.
The cutting forces were modelled depending on the tool geometry, cutting conditions, and the interaction of tool and workpiece (cutting force coefficients). This method has been used for the modelling of cutting forces in many machining processes, such as turning [1] , drilling [2] , and milling [3] and [4] .
In milling processes, with both cutting force modelling theories and experiments, the cutting forces had been modelled and verified for many tool types such as flat-end mill [5] to [7] , ball-end mill [8] and [9] , bull-end mill [10] , and general-end mill [11] .
In these research studies, the cutting force values were predicted for each rotation angle of the tool. This method could show details of the cutting forces for each revolution of the tool, but the number of calculations was very large. However, this method could only be applied for short milling processes having several tool revolutions. Furthermore, many coefficients, such as cutting force coefficients and friction coefficients, must be obtained via experimental methods. Therefore, this method consumed a lot of time, effort and money. A simple experimental method is proposed in this paper to investigate the dynamic cutting forces and surface roughness by using the Taguchi method and ANOVA analysis to shorten the processing time.
The Taguchi method and ANOVA analysis have been widely used in industrial engineering analysis. Moreover, the Taguchi method employs a special design of orthogonal array by reducing the number of experiments to investigate the effect of the entire range of machining parameters. Recently, this method has been widely employed in several industrial fields and research work. ANOVA analysis was used to research the effect of main machining parameters
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such as machining polarity, peak current, pulse duration, among others, on the wire-cut electrical discharge machining (WEDM) characteristics such as material removal rate, surface roughness [12] and [13] . Tsoukalas [14] and Hsu and Do [15] used an L 27 orthogonal array of Taguchi method to determine the optimum conditions leading to minimum porosity in aluminium alloy die castings. Rao and Padmanabhan [16] applied the Taguchi method and ANOVA in the optimization of process parameters for metal removal rate in electrochemical machining of Al/5%SiC composites. Furthermore, the Taguchi method and ANOVA analysis were also applied to investigate other machining processes, such as abrasive waterjet cutting [17] , turning [18] and [19] , drilling [20] to [22] , and milling [23] to [25] .
The surface roughness and cutting force are important machining characteristics for evaluating the productivity of machining processes. In milling processes, by using Taguchi method and ANOVA analysis, the cutting forces and surface roughness could be investigated based on a number of factors, such as depth of cut, feed rate, cutting speed, cutting time, workpiece hardness, etc. Several research works had been conducted in different conditions and had also been applied for different workpieces and tool materials, such as Kıvak [26] , Ozcelik and Bayramoglu [27] , Turgut et al. [24] , Karakas et al. [28] , and Jayakumar et al. [29] .
However, although there have already been many studies on cutting forces and surface roughness, it seems that the essential values such as the amplitude of cutting forces in milling processes have not been mentioned. These values can be used to predict the power consumption, energy, and the strength of the tool material needed. Besides, the relationship between cutting forces and surface roughness seems not to have been studied in previous research studies.
In this study, the influence of cutting conditions on the surface roughness and the amplitude of cutting force was investigated when face milling the SKD61 hard steel. The main contributions of this study are in three aspects: (1) Evaluate the effect of cutting conditions on surface roughness and cutting force amplitude, (2) Evaluate the tendency of surface roughness and cutting force amplitudes when cutting conditions change, and (3) determine the optimal cutting conditions by different methods.
EXPERIMENTAL METHOD

The Experiment Setup
Workpiece and Tool
During hard milling processes, in order to investigate the influence of machining conditions on the cutting force and surface roughness, a series of face finished milling experiments were performed. The cutter and workpiece were chosen as follows. Cutter: A Sandvik Coromant R390-020A20-11L CoroMill 390 Square Shoulder Milling Cutter, with number of inserts N = 2, a tool cutting edge angle of 90 º , a ramping angle maximum of 5. The workpiece (dimensions of 70 mm × 50 mm × 15 mm) material was SKD61, and its compositions are listed in Table 1 . The properties of the SKD61 were: Hardness 46 HRC, Young's modulus = 210 GPa, Density = 7.8 g/cm 3 . 
Machine Set-Up and Cutting Force Measurements
The experiments were performed at a five-axis vertical machining centre (DMU 50 -5 Axis Milling). All experiments were performed under dry machining conditions. A dynamometer (Kistler Type 9139AA: Force Ranges: (-3 kN to 3 kN), data processing box, and a PC were used to measure cutting forces. The detail is illustrated in Fig 1. The amplitudes of cutting forces were measured in three directions (feed, normal, and axial), as shown in Fig. 2 . Each measurement was repeated three times following the cutting test repeated three times. The values of the measurements were stored and analysed. 
Surface Roughness Measurements
The surface roughness (R a ) of the product was measured with a MITUTOYO-Surftest SJ-210 Portable Surface Roughness Tester (Japan). The cut-off length and evaluation length were fixed at 0.8 mm and 4 mm, respectively. The surface roughness was measured parallel to the machined surface from three different points and repeated three times following three repeated times of each cutting test. The average values of the measurements were evaluated.
Taguchi Method and Experiment Design
The Taguchi method was developed by Genuchi Taguchi; it is a statistical method used to improve the product quality and is commonly used in improving industrial product quality due to its proven success. It is an experimental design and also a beneficial technique for high quality system design. In engineering analysis, the Taguchi method is a powerful method that has been widely used around the world. This method dramatically reduces the number of experiments by using orthogonal arrays and minimizes the effects of factors that cannot be controlled [30] .
In this research, the cutting speed (V c ), axial depth of cut (a), feed rate (f t ) were selected as control factors, and their levels were expressed in Table 2 . In the experimental layout plan, with three factors and three levels, the most suitable orthogonal array (L 27 ) was chosen to analyse the influence of machining parameters on the surface roughness and cutting force [31] . The experimental plan was performed with 27 experiments and detailed as in Table 3 . Furthermore, the response surface methodology (RSM) technique has been used for the design of experiments and analysis of experimental results [32] . RSM is used to model and analyse the response variables that are influenced by several controllable input variables. Then, RSM is generated as an interaction between statistical and mathematical techniques [33] . 
RESULTS
Analysis for Surface Roughness
Analysis of Variance (ANOVA) for Surface Roughness
The experimental results were investigated and listed in Table 3 . In this study, ANOVA was used to analyse the influence of cutting speed, axial depth of cut, and feed rate on the surface roughness and amplitudes of cutting forces. This analysis was performed with a 95 % confidence level and a 5 % significance level. This indicates that the obtained models are considered to be statistically significant. The coefficient of determination (R 2 ) is defined as the ratio of the explained variation to the total variation and is a measure of the fit degree. When R 2 approaches unity, it indicates a good correlation between the experimental and the predicted values. In Table 4 , the contributions of each factor on surface roughness were listed in the last column. It is clear from the results of ANOVA that the most important factor affecting the surface roughness was feed rate (86.59 %). The other factors differently affect surface roughness. The second factor influencing surface roughness was the axial depth of cut (4.12 %). The third factor influencing on the surface roughness was cutting speed (3.3 %).
Regression and Verification of Surface Roughness Model
The regression analysis was used to model and analyse the relationship between a dependent variable and one or more independent variables. In this study, three dependent variables are surface roughness and amplitudes of cutting force in three directions (axial, feed, normal), whereas the independent variables are cutting speed (V c ), axial depth of cut (a), and feed rate (f t ). By using Intercooled Stata 8.2 TM software, the most suitable regression of surface roughness was a quadratic regression, as given in Eq. (1). The verification results of the surface roughness model were described in Fig. 3 . As seen from this figure, the predicted results were very close to the experimental results. There is a very good relation between predicted values and test values. The R 2 values of the equations obtained by the quadratic regression model for surface roughness were found to be 95.85 %. These results showed that the quadratic regression model was shown to be successfully investigated regarding surface roughness in the facemilling processes of SKD61 hard steel.
Parametric Influence on Surface Roughness
The variation of surface roughness corresponding to the axial depth of cut, feed rate, and cutting speed was described in Fig 4. The consequences of the axial depth of cut and federate on surface roughness for three cutting speed as 80 m/min, 140 m/min, and 200 m/min, respectively. It is very clear that surface roughness increases with increasing feed rate. This trend can be explained that when feed rate increases, that results in an increase in undeformed chip thickness, and undeformed chip thickness is directly proportional to cutting forces. Then, when the cutting forces increase, the stability and damping characteristics of the machine-tool system will be affected, which makes more vibrations and ultimately affects the surface roughness. This result is similar to the result of the change in the surface roughness that is noted in several works such as [34] and [35] .
Fig. 4. Effect of cutting conditions on surface roughness
The surface roughness values exhibited decreasing tendency with increasing of axial depth of cut from 0 mm to about 0.3 mm, but when the axial depth of cut increases from about 0.3 mm to 0.5 mm, the tendency of surface roughness was reversed. Similarly, the surface roughness decreases with increasing of cutting speed from 0 m/min to about 130 m/min, and with the cutting speed increases from about 130 m/min to 200 m/min, the tendency of surface roughness is also increasing. So, to improve the surface roughness in the face-milling process of SKD61 hard steel, with regard to machining conditions, it was proposed that as the feed rate decreases, the axial depth of cut is about 0.3 mm, and the cutting speed is about 130 m/min.
Analysis for the Feed Force's Amplitude
Analysis of Variance for the Feed Force's Amplitude
The ANOVA results for the amplitude of the feed force was illustrated in Table 5 ; the contributions of each factor on the amplitude of feed force were listed in the last column. It seems that the most important factor affecting the amplitude of feed force was the axial depth of cut (72.89 %). The second factor influencing the amplitude of feed force was feed rate (16.78 %). The third factor influencing the surface roughness was cutting speed (4.96 %). 
Regression and Verification of the Feed Force's Amplitude Model
The most suitable regression of amplitude of feed force was a quadratic regression as given in Eq. 
Parametric Influence on Amplitude of Feed Force
The variation of feed force's amplitude corresponding to the axial depth of cut and feed rate is described in Fig 6 . This figure shows clearly that the feed force's amplitude increases with the increasing axial depth of cut and feed rate. This can be explained by the fact that when the axial depth of cut and feed rate increase, which increases the volume of chip thickness, and volume of chip thickness is directly proportional to cutting forces. Thus, the cutting forces' amplitude increases.
Fig. 6. Effect of cutting conditions on feed force's amplitude
Analysis for Normal Force's Amplitude
Analysis of Variance for Normal Force's Amplitude
The values of Table 6 show that the quadratic model is the most suitable of normal force amplitude and the contributions of each factor on the amplitude of feed force are listed in the last column. Clearly, the most important factor affecting on the amplitude of the normal force was the axial depth of cut (70.04 %). The second factor influencing the amplitude of normal force was the feed rate (23.90 %). The cutting speed has little effect on the amplitude of normal force (0.27 %).
Regression and Verification of Normal Force's Amplitude
The regression of amplitude of the normal force was a quadratic regression, as given in Eq. (3) . The compared results of the measured values and predicted values of normal force's amplitudes are described in Fig. 7 , which shows that the predicted results were very close to the measured results. The R 2 values of the equations obtained by quadratic regression model for feed force's amplitude were found to be 99.42 %. So, the quadratic regression model is the most suitable regression of amplitude of normal force. 
Parametric Influence on Amplitude of Normal Force
The tendency of normal force's amplitude is the same as that of the feed force. The variation of the normal force's amplitude corresponding to the axial depth of cut and feed rate is described in Fig. 8 , which shows that the normal force's amplitude increases with increasing of the axial depth of cut and feed rate. This is a result of the fact that when the axial depth of cut and feed rate increase, that results increase in the volume of chip thickness, and if the volume of chip thickness increases, the cutting forces' amplitude will also increase. 
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Analysis of Variance for Axial Force's Amplitude
The ANOVA results for the amplitude of axial force are described in Table 7 . The contributions of each factor on the amplitude of axial force were calculated and listed in the last column. It seems that the influence of each factor on the amplitude of axial force was quite similar (feed rate: 33.74 %, cutting speed: 30.42 %, and axial depth of cut: 23.93 %). 
Regression and Verification of Axial Force's Amplitude
The most suitable regression of axial force' amplitude was a quadratic regression as given in Eq. (4). The 
Parametric Influence on Amplitude of Axial Force
The tendency of axial force's amplitude is also the same as that of the feed force. Fig. 10 presents the variation of axial force's amplitude corresponding to axial depth of cut and feed rate. Figure 10 revealed that the axial force's amplitude increases with increase in axial depth of cut and feed rate. The reason for this tendency is the same as for the feed force's amplitude and normal force's amplitude as well. 
The Relationship of Cutting Force and Surface Roughness in Milling
In this paper, the relationship between cutting force's amplitude and surface roughness was also investigated. It seems that this relationship has not been studied previously. The amplitudes of cutting forces and the surface roughness were drawn in one diagram, as shown in Fig. 11 . It seems that the tendency of the surface roughness is the same as that of the cutting force's amplitudes. As seen from this figure, if the cutting force's amplitudes increase, the surface roughness increases; if the cutting force's amplitudes decrease, the surface roughness also decreases. These could be explained that in finishface milling processes, at the high stable cutting conditions with small vibrations, the chip thickness is quite stable, it makes the machining surface quite smooth, and so the surface roughness is often small (good surface). Furthermore, in this process, because the chip thickness is quite stable, the cutting forces in all directions are often quite stable, and these make the amplitudes of cutting forces smaller than those at other machining conditions. In the opposite cases, when the milling conditions are unstable cutting with chatter or large vibrations, the chip thickness will be unstable; it makes the surface and cutting force more unstable as well, and so that the amplitudes of cutting forces and surface roughness will be larger than that of other milling conditions. Thus, in this study, it is seen that there is the same tendency of output parameters in machining processes. By this reason, in this study, the optimal value was determined for surface roughness that is one of the most important values to improve the quality of machining product, as presented in Section 2.6. 
Estimation of Optimum Surface Roughness by ANOVA Method
The lowest value of surface roughness is very important for quality improvement of the machining product and lowering production costs. In this study, the quadratic Thus, with the ANOVA method, the optimal parameters of milling process were determined as cutting speed: V c = 113.0595 m/min, axial depth of cut: a = 0.2636 mm, feed rate: f t = 0.0500 mm/flute.
And, the optimization value of surface roughness was R a = 0.1531 μm.
Analysis of the Signal-to-Noise (S/N) Ratio
Using the Taguchi method, the optimal values of control factor were determined by analysis of the signal-to-noise ratio. The lowest value of surface roughness is very important to improve the machining product, so the smaller-the-better equation was used for calculation of the S/N ratio [31] . The values of the S/N response for observations of surface roughness were listed in Table 8 and shown in Fig. 12 . With Taguchi techniques, the best level of each control factor was determined according to the highest S/N ratio at the level of that control factor [32] . With these techniques, from the values of Table 7 and Fig.  12 , the level and S/N ratios for the factors giving the best R a value were specified as factor cutting speed (level 2, S/N = 10.029881 dB), factor axial depth of cut (level 2, S/N = 10.251945 dB), factor feed rate (level 1, S/N = 13.438819 dB). So, with the Taguchi method, the optimum value of surface roughness was obtained at a cutting speed of 140 m/min, a depth of cut of 0.3 mm, and a feed rate of 0.05 mm/flute. The value of surface roughness with optimized values is 0.1605 μm. The comparison results of the optimization values of the two methods were described in Table 9 . The optimized results between the ANOVA method and Taguchi method are quite close together. However, the ANOVA method gave the better result regarding surface roughness. So, this method can be applied to improve the surface quality in finished face milling the SKD61 hard steel. 
CONCLUSIONS
In this study, an experimental method was performed to investigate the influence of cutting conditions on the surface roughness and cutting force's amplitudes. Depending on the analysis of experimental results, the conclusions of this study can be drawn as follows. 1. The most important factor affecting the surface roughness was the feed rate (86.594 %), while the most important factor affecting on the cutting force's amplitudes was the axial depth of cut (72.891 % for feed force amplitude and 70.039 % for normal force amplitude). The other factors affect differently on the surface roughness and cutting force's amplitudes. 2. The cutting force's amplitudes increase with the increasing of the axial depth of cut and feed rate. While the surface roughness decreases with the decreasing of the feed rate, with increasing of axial depth of cut from 0 mm to about 0.3 mm, and with the increasing of cutting speed from 0 m/ min to about 130 m/min. Furthermore, the surface roughness increases with increasing of feed rate, with increasing of axial depth of cut from about 0.3 mm to 0.5 mm, and with increasing of cutting speed from about 130 m/min to 200 m/min. To improve the surface roughness in the face-milling process of SKD61hard steel, with regards to machining conditions, it was proposed that the feed rate decreases, the axial depth of cut is about 0.3 mm, and the cutting speed is about 130 m/ min. 3. The tendency of the surface roughness is the same as that of the cutting force's amplitudes. So, the optimal value was determined for surface roughness, which is one of the most important values to improve the quality of machining product. 4. The Taguchi and ANOVA methods can be used to find the optimal value of surface roughness. In this study, the optimized result from ANOVA method is better than that of the Taguchi method. The optimum value of surface roughness is 0.1531 μm, which was obtained at cutting speed of 113.0595 m/min, at an axial depth of cut of 0.2636 mm, and a feed rate of 0.05 mm/flute. The cutting force amplitude and surface roughness models can be applied in the adaptive control processes of CNC milling to improve the machining surface and reduce the cutting force and will be the futuristic study of future research.
